Abstract This work is dedicated to simulate the spinodal decomposition of Fe-Cr bcc (body centered cubic) alloys using the phase field method coupled with CALPHAD modeling. Thermodynamic descriptions have been revised after a comprehensive review of information on the Fe-Cr system. The present work demonstrates that it is impossible to reconcile the ab initio enthalpy of mixing at the ground state with the experimental one at 1529 K using the state-of-the-art CALPHAD models. While the phase field simulation results show typical microstructure of spinodal decomposition, large differences have been found on kinetics among experimental results and simulations using different thermodynamic inputs. It was found that magnetism plays a key role on the description of Gibbs energy and mobility which are the inputs to phase field simulation. This work calls for an accurate determination of the atomic mobility data at low temperatures.
Introduction
Fe-Cr alloys are widely used in stainless steels, construction materials in nuclear power plants, interconnected materials in fuel cells, etc. Spinodal decomposition of bcc solid solution during service of Fe-Cr containing materials is well known as the detrimental '475 °C embrittlement'. From a practical point of view the ability to predict microstructure evolution using e.g. the phase field method for a phase separating alloy is interesting. However, a necessary input for such simulations is good descriptions of thermodynamic and kinetic quantities, but according to a recent review by Xiong et al. [1] , a reasonable thermodynamic description of the Fe-Cr system is still lacking. Therefore, in the present work, CALPHAD (CALculation of PHAse Diagram) modeling has been used to describe the Fe-Cr binary. It is also interesting to note that recent ab initio calculations of the enthalpy of mixing for the bcc phase at the ground state show a negative value on the Fe-rich side [2, 3] , i.e., the solubility of Cr in α-(Fe) is considered to be about 5 at.% at 0 K. Although in the previous work [1] , the accuracy of the above ab initio results have already been questioned, we will, in this work, apply the CALPHAD method to demonstrate the consequences if the ab initio enthalpy of mixing at 0 K is accepted.
It is worth mentioning that, in a parallel work, a thermodynamic assessment and experimental investigation on the spinodal decomposition have been carried out recently [4] without accommodating the ab initio results at 0 K. Based on that work [4] , phase field simulation of the spinodal decomposition is performed using a FORTRAN based TQ-interface [5] and the femLego package [6] .
Magnetic phase diagram
In the work by Xiong et al. [1] , the magnetic phase diagram of the Fe-Cr system has been thoroughly studied. The diagram calculated by Andersson and Sundman [7] has been modified in accordance with the experimental data evaluated in the previous review [1] (see Fig. 9 in Ref. [1] ). Therefore, the description of the magnetic contribution to the Gibbs energy has been improved.
Bcc Miscibility Gap
During the last decade, copious amount of computer modeling on the Fe-Cr system has been performed. One of the focuses is on the solubility limit of Cr in (α-Fe). Using diffuse-neutron-scattering, Mirebeau et al. [8] found a change of effective pair interaction at about 10 at.% Cr, above 700 K. This corresponds to the change in short range ordering type on the Fe-rich side and is considered to be an experimental evidence to introduce the cluster type change in atomistic calculations. This means the pairs of unlike atoms in the tendency of a short range order (SRO) arrangement will be change into another type of SRO where the Cr atoms tend to be Cr-Cr clusters. As a consequence, the ab initio calculations further predicted a negative value of the enthalpy of mixing in the ferromagnetic state on the Fe-rich side at 0 K [2, 3] as reproduced in Fig. 1b . However, according to Refs. [1, 3, 9] , such a conclusion may be questionable since even the magnetism of Fe is still a challenge to the ab initio calculations [10] . In the present work, a new thermodynamic model of Fe by Chen and Sundman [11] , which is able to describe lattice stability of Fe down to 0 K, has been adopted for the CALPHAD modeling of the Fe-Cr binary system. Regular solution model has been applied to describe the liquid, bcc and fcc phases, while a two-sublattice model suggested by Joubert [12] , (Cr, Fe)1 (Cr, Fe)2, has been used to model the σ phase, which is the single intermetallic compound in the Fe-Cr system.
The negative value of enthalpy of mixing on the Fe-rich side at 0 K for the bcc phase predicted by the ab initio calculations was reproduced in this work. However, it was found that, using the CALPHAD method, it is impossible to reproduce the experimental enthalpy of mixing for the bcc phase at 1529 K [13] as shown in Fig. 1a , if a Cr solubility in (α-Fe) at 0 K had been introduced (see Fig. 1b ). It is easy to observe that, in Fig. 2 , the magnetic ordering energy of mixing for the Fe-Cr alloys calculated in this work shows a negligible positive value on the Fe-rich side which is still far from the ab initio results. In fact, such a kind of difficulties for the CALPHAD modeling has been explained explicitly in our previous work [1] by using the energy difference between ferromagnetic and paramagnetic states. It was noticed that the ab initio calculations showed a notable difference with CALPHAD calculation, which is considered as a representative of the experimental information for pure Fe.
Furthermore, due to the significant deviation of the enthalpy of mixing at 1529 K, it is found that the calculated consolute temperature of the miscibility gap (1027 K) in this work is significantly higher than the evaluated one (~ 970 K) by Xiong et al. [1] . It is necessary to point out that in some other atomistic simulations e.g., embedded-atom method [14] , by adopting the above ab initio results at 0 K as the input, the calculated consolute temperature of the miscibility gap (~2700 K) is incredibly higher than the experimental ones unless some artificial adjustment were introduced [15] , for example, assuming finite solubility of Fe in (α-Cr) at 0 K [14] . As a result, attempt to accommodate the 0 K ab initio results has been abandoned in the updated CALPHAD modeling by Xiong et al. [4] , in which the consolute temperature of the miscibility gap can be well reproduced (see Fig. 3 ).
Fig. 2. Comparison of the magnetic ordering
energy of mixing between ab initio calculations [3, 16] and CALPHAD modeling [7] . [7] . The green dot indicates the alloy discussed in the phase field simulation.
Spinodal Curve
As shown in Fig. 3 , the spinodal decomposition region predicted in this work and Ref. [4] is distinctly different from the one provided by the previous assessment [7] . As mentioned in the last section, the present modeling shows a large discrepancy of the consolute temperature (about 80 K) with the evaluated one by Xiong et al. [1] . However, the spinodal region lower than 850 K predicted in this work shows only minor difference from the one in our updated thermodynamic description [4] , where the experimental miscibility gap could be well represented.
It is well known that the chemical spinodal curve will not show any transient regime between nucleation and growth and spinodal decomposition. However, it is still quite important to determine such a critical thermodynamic limit which later can be used in phase field simulation of spinodal decomposition. It is worth noting that according to the experimental work [4] using the local electrode atom probe tomography, the position of the predicted chemical spinodal curve is in reasonable accordance with the experimental region of spinodal decomposition. One should remember that, due to the small lattice misfit of Cr and Fe, the coherent spinodal curve will not be much different from the chemical spinodal curve.
Phase Field Simulation
The revised thermodynamic modeling by Xiong et al. [4] has been adopted in the present phase field simulation The total energy in the system of the substitutional elements, Cr and Fe, is based on the functional: The evolution of the concentration fields is governed by:
and the diffusional flux of solutes J is given by the Onsager linear law of irreversible thermodynamics:
In Eq. 3, L denotes the phenomenological coefficient and is related to the atomic mobility i M of the elements. In this case:
[ ]
Combining Eqs. 1-4, we arrive at the so-called Cahn-Hilliard equation:
The gradient energy coefficient 2 ε in Eq. 5 is considered as a function of interatomic distance λ , and the regular solutions parameter Ω , which can read from thermodynamic assessments. The present phase field simulation was performed using the femLego package [6] , and all of the equations were solved in a dimensionless way. The detailed procedure was described by Grönhagen [17] .
In the present work, comparisons of the structure evolution have been made by using different thermodynamic data. The parameters of the atomic mobility in the bcc phase for the phase field simulation are taken from Ref. [18] . It should be mentioned that, although the diffusion potential for kinetics was taken from the updated thermodynamic assessment [4] but not [7] as original in Ref. [18] , this does not change the calculated mobility at high temperatures (> 800 K) where the experimental data reported and used for the assessment of mobility in the work by Jönsson [18] .
It is observed that, in Fig. 4 , the simulated microstructures show the typical interconnection feature of spinodal decomposition. According to the revised description, Fe-45Cr alloy (the green dot in Fig. 3 ) will be more far away from the chemical spinodal curve, and thus shows a little bit more interconnected structure in the simulated results. However, the difference will become obvious when the time scale is taken into account. After 7 hours at 773 K, the Fe-45Cr alloy shows a late stage of the spinodal structure when using the latest thermodynamic description by Xiong et al. [4] which is faster than the prediction using the previous thermodynamic description [7] . Therefore, it is necessary to compare the composition amplitude as a function of time for the case of Fe-45%Cr. As shown in Fig.  5 , It is found that both simulated results presented in Fig. 4 are faster than the experimental results by Hyde et al. [19] . The measured composition amplitude reached only ~0.3 after 100 hours, while the simulated ones are larger than 0.6. Such a large discrepancy could be related to the mobility data.
As shown in Fig. 6 , the mobility of Cr and Fe at 773 K calculated using the modified thermodynamic description [4] are significantly higher than the ones by using the previous thermodynamic description [7] . This is due to the difference in the magnetic phase diagram between these two thermodynamic descriptions [4, 7] . In the revised magnetic phase diagram of this work (see Fig. 9 in Ref. [1] ), it is found that the ferromagnetic region will be much smaller compared to the earlier description [7] . It is well known that the atomic mobility in the paramagnetic state is larger than in the ferromagnetic state. Therefore, with the latest thermodynamic description [4] and using the same parameter set for the kinetics [18] , the calculated mobility is larger. Fig. 4 . Comparison of the microstructure evolution of the Fe-45Cr alloy at 773 K during phase field modeling by using different thermodynamic input. The simulation results above the time axis are using the thermodynamic description by Andersson and Sundman [7] , The ones below the time axis are simulated by using the revised thermodynamic modeling [4] . The simulation box is 17.6 17.6 × nm. The bottom of the color bar shows the Fe rich concentration while the top shows Cr rich concentration. are from Andersson and Sundman [7] and Xiong et al. [4] . [4] , while the dashed ones are according to the assessment by Andersson and Sundman [7] . The parameters for the atomic mobility are taken from Ref. [18] .
Apparently, accurate mobility data at low temperatures are needed in order to have a qualitative agreement between simulations and measurements. Such data can be derived from more experimental studies on the evolution of composition amplitude. Atomistic calculations may also be helpful even though there are severe challenges on the modeling of the magnetism.
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Summary
By employing the CALPHAD approach, the present work ruled out the possibility on reproducing the enthalpy of mixing of the bcc phase at 0 K from the ab initio calculations. The location of the chemical spinodal curve was found to be different from the previous prediction by Andersson and Sundman [7] , but similar with the one by Xiong et al. [4] , which was later used as the thermodynamic input of the phase field simulation. According to the phase field simulation, the microstructure evolution agrees well with the spinodal decomposition theory. However, in order to achieve a good agreement on the composition amplitude, accurate data of atomic mobility at low temperatures are needed, even though a better thermodynamic description of the Fe-Cr system is now available for predicting the driving force [4] .
